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Abstract. Theone-dimensional,time-averaged(over many wave periods)along-
shoremomentumbalancebetweenforcing by wind andbreakingwavesandthe
bottomstressis examinedwith field observationsspanninga wide rangeof con-
ditions on a barredbeach.Near-bottomhorizontalcurrentsweremeasuredfor
2 monthsat 15 locationsalonga cross-shoretransectextending750m from the
shorelineto 8-m waterdepth. Thehourly averagedbottomstresswasestimated
from observedcurrentsusinga quadraticdraglaw. Thewave radiationstresswas
estimatedin 8-mdepthfrom anarrayof pressuresensors,andthewind stresswas
estimatedfrom ananemometerat theseawardendof a nearbypier. Thecombined
wind andwave forcing integratedover theentirecross-shoretransectis balanced
by the integratedbottomstress.The wind stresscontributesaboutonethird of
the forcing over the transect.Analysisof the momentumbalancesin different
cross-shoreregionsshows that in thesurf zone,wave forcing is muchlargerthan
wind forcing andthat thebottomdragcoefficient is larger in the surf zonethan
fartherseaward,consistentwith earlierstudies.

1. Introduction

Alongshorecurrentsin the surf zonehave beeninves-
tigated extensively within the framework of steady, one-
dimensional(1-D) models(Bowen [1969], Longuet-Higgins
[1970], Thornton [1970], and others). If the topography,
forcing, andalongshorecurrentaresteadyanduniform in
the alongshoredirection, the time-averagedand vertically
averagedalongshoremomentumequationreducesto a 1-D
balancebetweenforcing,bottomstress,andmixing,����� ���� 	 
�� ��
���� ������ 
�� ��
�� (1)

where
�

and � are the cross-shoreand alongshorecoordi-
nates,respectively. The forcing is the sum of the along-
shorewind stress� ��� ���� , which althoughoften ignored is
sometimesimportantin thesurf zone[Whitford and Thorn-
ton, 1993, 1996], and wave forcing, representedby the

cross-shoregradientof theradiationstresscomponent	 � ��
[Longuet-Higgins and Stewart, 1964].Lineartheoryis used
often to relate

� �� to the frequency-directionalwave spec-
trum �������! #" [e.g.,Battjes, 1972]or in bulk wave transfor-
mationmodelsto thewaveheight $&%('*) , meanwaveangle ,
andthe meanwave frequency � [e.g.,Thornton and Guza,
1983]. Themeanalongshorebottomstressis oftenparame-
terizedas[Longuet-Higgins, 1970]� �� �,+.-0/2143657 3 8:9 (2)

where + is the water density, - / is a drag coefficient, 3�57 3
is themagnitudeof the total velocity vectorabove thebot-
tom boundarylayer, 8 is the alongshorevelocity compo-
nent, and 1;9 representsa time averageover many wave
periods.This quadraticform for thebottomstresshasbeen
usedwidely in steadychannelflows[e.g.,Henderson, 1966]
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but hasnot beenverified directly in the surf zone. Mixing
is givenby the cross-shoregradientof thedepth-integrated
turbulentmomentumflux

� �� . Although
� �� canbewritten

exactly in termsof depth-integratedReynoldsstressesand
theinteractionof depth-varyingcurrents[Svendsen and Pu-
trevu, 1994],thereis noacceptedturbulenceclosurescheme,
so
� �� is parameterizedtypically as proportional to the

meanalongshorecurrentshear

 8=< 
�� , where 8 is thetime-

averagedalongshorecurrent.

The alongshoremomentumequation(1) with the quad-
ratic bottomstress(2) is difficult to solve for 8 . If a weak
meancurrentandsmallwaveangleareassumed,thebottom
stresscan be approximatedasa linear function of 8 [e.g.,
Longuet-Higgins, 1970] � ��&>@?�A 8 (3)

where ?�BA is the cross-shoreorbital wave velocity variance.
Given this approximationandparameterizedforms for the
wave transformationand mixing, solutions for 8 can be
found. However, in the surf zonethe linearizingassump-
tionsfor thebottomstressoftenareviolated[Thornton and
Guza, 1986],andthegeneralrelationshipbetween1C3657 3 8D9
and ?�A 8 is notunderstoodwell.

Alongshorecurrentspredictedby (1) using a random
wave transformationmodel for

� �� , a linearizedbottom
stress(3), andneglectingmixing (


�� �� < 
�� �FE ) agreewell
with meanalongshorecurrentsobserved on a nearlyplane
beachwith a small rangeof incidentwave angles[Thorn-
ton and Guza, 1986]. However, thereare large discrepan-
cies between1-D model predictionsand observations on
a barredbeachnear Duck, North Carolina acquireddur-
ing theDELILAH field experiment[Church and Thornton,
1993; Smith et al., 1993]. The beachat Duck is com-
plex, with a widerangeof wind andwaveconditions[Long,
1996]andcomplicatedbathymetrythat includesprominent
sandbarsand sometimespronouncedalongshoreinhomo-
geneities[Lippmann and Holman, 1990].DuringDELILAH
abroadalongshorecurrentoftenwasobserved,with asingle
maximumshorewardof thecrestof thesandbar, whereas1-
D modelspredicta flow with two narrow jets,oneslightly
seawardof thebarcrestandoneneartheshoreline(i.e., in
theregionswherethepredictedwave breakingcauseslarge
gradientsin

� �� ), with weakflow in betweenthejets.

The reasonsfor this discrepancy areunclear, but possi-
ble modeldeficienciesfall into two generalclasses.First,
the1-D momentumbalance(1) maybecorrect,but thepa-
rameterizationof wave forcing, bottom stress,or mixing
may be either incorrector not robust over the wide range
of conditionsatDuck(Svendsen [1984],Church and Thorn-
ton [1993],Svendsen and Putrevu [1994], Dally and Brown

[1995], Slinn et al. [1998], Garcez Faria et al. [1998], and
many others).Alternatively, the1-D momentumbalance(1)
maybemissingimportanttwo-dimensional(2-D) termssuch
asnonlinearadvectionandalongshorepressuregradientsas-
sociatedwith alongshoredepthvariations. Model simula-
tionssuggestthat thesetermsmaybesignificanton natural
beaches[Putrevu et al., 1995;Sancho et al., 1995;Reniers
et al., 1995].

Herethe1-D momentumbalance(1) is testedwith field
observations(discussedin section2) collectedover a wide
rangeof conditionson the barredbeachnearDuck, North
Carolina. The alongshoremomentumbalance,integrated
over the instrumentedcross-shoretransect,is examinedin
section3. This integratedbalancespanningthe entiresurf
zone(as opposedto the local balanceexaminedby Whit-
ford and Thornton [1996]) is independentof thepoorly un-
derstoodgradientsof theturbulentmomentumflux

� �� and
radiationstress

� �� appearingin the local 1-D balance(1).
Thecross-shoreintegratedtotal (wind andwave) forcing is
shown to bebalancedapproximatelyby thecross-shoreinte-
gratedbottomstress,usingthequadraticfriction formulation
(2). The closureof the cross-shoreintegratedmomentum
balancesuggeststhatthedynamicsof thealongshorecurrent
areonaveragedescribedby the1-D momentumbalance(1).
However, therearecasesin which2-D effectsareimportant,
asdiscussedin section4. Theresultsaresummarizedin sec-
tion 5.

2. Observations

ThedatawerecollectedduringSeptemberandOctoberof
1994nearDuck,NorthCarolinaon a barrierislandexposed
to the Atlantic Ocean.The U.S. Army Corpsof Engineers
FieldResearchFacility (FRF)coordinatesystem,with

�
in-

creasingoffshoreand � increasingin thenortherlydirection,
is used. Directionalpropertiesof seaandswell wereesti-
matedfrom a two-dimensionalarrayof 15 bottom-mounted
pressuresensorsin 8-m water depth (Figure 1), operated
by the FRF [Long, 1996]. Hourly radiationstresseswere
estimatedaccuratelyusing linear theoryanda directional-
moment-estimationtechniquethat minimizes a weighted
sumof thebiasandstatisticalvariability of theestimate[El-
gar et al., 1994].Errorsin the

� �� estimatesaresmallcom-
paredto uncertaintiesin other termsof the integratedmo-
mentumbalancesinvestigatedhere. Wind speedanddirec-
tion measured19.5m abovemeansealevel at theendof the
nearbyFRFpierwereusedto estimatewind stress(S.Lentz,
personalcommunication,1995)usingthealgorithmof Large
and Pond [1981]. No correctionsweremadefor the possi-
bly significant,but poorlyunderstood,effectof wavesonthe
wind stress[e.g.,Rieder et al., 1996]. Observationsfrom a
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Figure 1. Planview of thebeachatDuck. A solidcirclerep-
resentsacolocatedpressuresensor, currentmeter, andsonar
altimeter. The open circles representthe Field Research
Facility pressuresensorarray. Bathymetryfrom October
20 is contouredin units of metersbelow meansealevel.
Wind speedwasmeasuredabout500 m from the shoreline
atalongshorelocation500m.
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Figure 2. The cross-shorelocation of colocatedcurrent
meters,pressuresensors,and sonaraltimeters(triangles);
bathymetryobserved on August 25 (solid curve) and Oc-
tober26 (dashedcurve). An additionalcolocatedpressure
sensorandcurrentmeterin 8-m waterdepth,750 m from
theshoreline,is notshown.

60-km-longfive-elementalongshorearrayof pressuresen-
sorsin 6-m waterdepth[Alessi et al., 1996] wereusedto
obtainhourly estimatesof thealongshorepressuregradient
neartheshoreassociatedwith shelf-scalebarotropicmotions
(AppendixA).

Colocatedsonaraltimeters[Gallagher et al., 1996],pres-
suresensors,andbidirectionalelectromagneticcurrentme-

ters(sampledat 2 Hz) weredeployedon a cross-shoretran-
sectextending750 m from neartheshorelineto 8-m water
depth(Figures1 and2). Sonaraltimetersmeasureacous-
tically the distancefrom the altimeter(mountedon a fixed
frame)to thebed.Altimeterdatawereusedtoestimatedepth
profileson the instrumenttransect[Gallagher et al., 1998].
Currentmeteroffset drift was accountedfor by regularly
rotatingthe currentmetersIKJ E.L andassuminga stationary
meancurrentduring approximately10-min periodsbefore
andaftertherotation.Biofouling requiredrepeatedcleaning
of the currentmeterprobes. Data from heavily biofouled
currentmetersor with possiblylargeoffset-drift-induceder-
rorswerediscarded.Estimatederrorsin themeasuredmean
alongshoreflowsare0.05m/s(arisingprimarily from offset
drift) plus 5% of the true meanflow speedowing to inac-
curacy in the currentmetergainandorientation.Themost
nearshoresensorwasoften exposedat low tide andthere-
fore inactive. The15 currentmeterswereraisedor lowered
asthebedlevel changedto maintainanelevationof 0.4-1.0
m abovetheseafloor.

Conditionsduringtheexperimentaresummarizedin Fig-
ure3. In 8-mwaterdepththesignificantwave height( $M) � N )
rangedbetween0.2 and 4.0 m (Figure 3a), and the mean
wave anglerangedbetweenO�P E#L (Figure3b). The mean
(e.g.,centroidal)wave frequency rangedbetween0.08and
0.2 Hz (not shown). The maximummeanalongshorecur-
rent 3 8 '*QSR 3 (in eachhour-long record)rangedfrom 0.1 to
1.4 m/s (Figure3c). Thebarcrest,originally located80 m
from the shoreline,migrated120 m fartheroffshore(Fig-
ure 3d and Figure 2). The observed locationsof 8 '*Q!R
spannedtheentireinstrumentedregion,but wereusuallylo-
catedwithin 150 m of the shoreline,andshoreward of the
bar crest(Figure 3d). The few maximalocatedwell sea-
ward of the bar crest( T EUE2VW1 �YX[Z P E\V ) wereweak
( 3 8 '*QSR 3�]YE�^ _ 	 E=^ T m/s)andapproximatelycorrespondto
timesof strongbuoyancy-drivenflows [Rennie, 1998]. The
strongeralongshorecurrents( 3 8 '*QSR 3�`aE=^ J m/s)wereoften
wave driven (e.g., associatedwith large

� �� in 8-m water
depth,Figure4) andoccurrednearthe bar crest. Maxima
near the shorelinewere weaker (0.25-0.7m/s). Many of
the larger 3 8 '*QSR 3 (0.4-0.7m/s) nearthe shorelineoccurred
in mid to late Octoberafter the sandbarmigratedoffshore
(Figure3d). Thealongshorecomponentof thewind ranged
between15 m/s from the north and10 m/s from the south
(not shown). Thesurf zonewidth (estimatedasdescribedin
AppendixB) rangedfrom 10 to 750 m. Springtideswere
about1 m, andthe slopeof the beachforeshorewasabout
1/10 (Figure2), so tidal fluctuationsin the meanshoreline
locationwereabout10 m. Alongshorebarotropictidal cur-
rentsin waterdepths1 J m werelessthanroughly0.03m/s
(S.Lentz,personalcommunication,1996).
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Figure 3. Hourly valuesof (a) significantwave height $ ) � N
and(b) meanincidentwave angle[Kuik et al. 1985] in 8-
m depth(zerocorrespondsto normalincidenceandpositive
anglesto wavesfrom the northernquadrant).(c) Absolute
valueof the maximumhourly averagedalongshorecurrent3 8 '*QSR 3 and(d) cross-shorelocationof thebarcrest(dashed)
andof 8 '*Q!R . The572valuesof 3 8 '*QSR 3 shown correspondto
hourswith at leastfive active currentmetersand 3 8 '*Q!R 3*`E=^fe P m/s. The few maximaoccurring 9ge P E m from shore
arenotshown in Figure3d.
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Figure 4. Theradiationstress	 � �� <i+ in 8-m depthversus
the alongshorecurrentmaximum 8 '*QSR ( j B �kE=^ Zml ). An
observationis shown only if at leastfivesensorswereactive.

Spatiallyextensive bathymetricsurveys (e.g.,Figure 1)
wereobtainedseveraltimesduringthedatacollectionperiod
with theCRAB(CoastalResearchAmphibiousBuggy).The
orientationsof the1-,2-, 3-,4-, and5-mdepthcontoursover
analongshorespanof 300m thatincludedtheinstrumented
transectweredeterminedby leastsquaresfits of eachdepth
contourto a straightline. The orientationangleof a par-
ticulardepthcontourchangedover time,andtheorientation
of differentdepthcontoursvaried n2�6P L " within a givensur-
vey. Particulardepthcontourssometimeswerefit poorly by
the surveys, indicatingthat the bathymetrywasalongshore
inhomogeneous(e.g.,Figure1). However, mean(averaged
overall depthsfor a singlesurvey) contourorientationsvar-
ied by no morethan O e#L from theFRFcoordinatesystem.
Theresultsin section3 arenot alteredsignificantlyby O e#L
rotationof thecoordinateframe.

Guza et al. [1986] reporteda strongcorrelation( j B �E=^ o T ) betweenanempiricalorthogonalfunction-derived8 '*Q!R
and 	 � �� estimatedoutsidethesurf zoneon a nearlyplane
beachwith a smaller rangeof incident wave anglesthan
thoseobserved here. The lower correlationbetween8 '*Q!R
and 	 � �� ( j B �pE�^ Zql ) at Duck (Figure4) reflectsa greater
complexity of bathymetric,wave,andwindconditions.Wind
stress,buoyancy forcing, the effect of alongshoreinhomo-
geneities,and flow accelerationall contribute to the scat-
ter between	 � �� and 8 '*QSR anddominatecasesin which	 � �� and 8 '*Q!R have oppositesign. Theoverall importance
of termsother than

� �� to the alongshoremomentumbal-
anceis unknown.

Wind is sometimesasubstantialmomentumsourcein the
nearshore[Whitford and Thornton, 1993]andis includedin
the momentumbalancesinvestigatedhere. The sometimes
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Figure 5. (a) Hourly averagedalongshorecurrent 8 versus
distancefrom theshorelineand(b) depthobservedat 1300
easternstandardtime September21. Arrows pointing to-
wardthebottomof thefigureindicatesouthwardflow.

significanteffect of wind forcing andthedynamicalsepara-
tion betweenthesurf zoneandthewind-drivenregion sea-
ward of the surf zoneis illustratedin Figure 5 for a case
wherewind and wave forcing have oppositesign. Mod-
eratelyenergetic waves( $M) � NCr I m in 8-m waterdepth)
approachedfrom the southwhile the4 m/s wind wasfrom
thenorth. Thewind-drivencurrentflowedtowardthesouth
seaward of the bar crest,anda wave-drivencurrentflowed
toward the north shoreward of the bar crest (wherewave
breakingbegan). Theobservedsignchangein 8 highlights
thetransitionfrom wind- to wave-drivenflow. Eventhough
the alongshorecurrentswere weak, the division between
the wind- andthe wave-driven regimeswasobservablefor
theentire48-hourperiod(September20-21)whenwind and
wave forcing hadoppositesign,andthe locationof current
reversalfluctuatedasthesurf zonewidth wasmodulatedby
tidal changesin waterdepth.SeeFeddersen et al. [1996]for
furtherdiscussionof casestudies.

3. Alongshore Momentum Balances

Thedepth-integratedandtime-averagedalongshoremo-
mentumequationis [e.g.,Mei, 1989]

+ � s �ut " v 
 8
�w � 7 
 8
�� � 8 
 8
 �yx � 	 +Uz � t{� s=" 
 s
 �	 
�� ��
�� 	 
�� ���
 � 	 � �� � � ��� ���� 	 v 
�� ��
�� � 
�� ���
 �|x (4)

where7 and 8 arethedepth-andtime-averaged(overmany
wave cycles)cross-shoreandalongshorevelocities,t is the
waterdepth, s is the meanfree surfacedisplacement,

� ��
and

� ��� arecomponentsof the radiationstresstensor,
� ��

and
� ��� are componentsof the depth-integratedturbulent

momentumflux tensor, and � ��� �0�� is thealongshorecompo-
nentof thewind stress.Thealongshorebottomstress� �� is
representedby a quadraticdraglaw (2). Earthrotationand
variationof thewaterdensity+ areneglected.

Theassumptionsof a steadystateandno alongshore( � )
variation, coupledwith the continuity equationand a no
massflux boundaryconditionat theshoreline,yield 7 �}E .
Thenonlineartermsandalongshoregradientsof

� ��� , � ��� ,
and s in (4) thereforevanish,andthealongshoremomentum
equation(4) simplifiesto theone-dimensionalbalance(1).

The 1-D momentumbalance(1) is not verified locally
(e.g.,at a singlelocation)becausegradientsof theradiation
stress

� �� andthe turbulentmomentumflux
� �� cannotbe

estimatedwell from theseobservations.However, if
� �� and� �� areknown at two cross-shorelocations

��~
and

� B , the
cross-shoreintegral of (1) between

��~
and

� B canbe esti-
matedas� K�i� � ��� ���� + � � 	 � ��+����� K�

� � ��+�����  �� �  �m� - / 143657 3 8:9 � � � � ��+����� K�
	 � ��+�����  � (5)

Herethis integratedbalanceis testedstatisticallyfor several
cross-shoreregions. Thespatialstructureof thealongshore
currentis notaddressedby theanalysis.

The first integrationregion spansthe entire750-m-long
transect,fromneartheshoreline(

� ~ �FE ) to8-mwaterdepth
(
� B � ��� ' ). Pressurearraydatain 8-mwaterdepthareused

to estimate
� �� at

��� ' . The turbulentmomentumflux
� ��

is assumednegligible in 8-m water depth(
� �� 3 K�6� �kE )

becausethe surf zone(wheremixing is believedstrongest)
rarelyextendedto

��� ' . Assumingthat
� �� and

� �� arezero
at theshorelineandthat - / and � ��� ���� arespatiallyhomoge-
neous,(5) becomes� ��� ���� + ��� ' 	 � ��+����� 0���

�@- / � K�6�� 143657 3 8�9 � � (6)

wherethe only unknown is - / . The integral is estimated
from theobservationsasdescribedin AppendixC.

Wind( � ��� ���� ��� ' <m+ ) andwave( 	 � �� <m+�3 K�6� ) forcingterms
integratedacrossthe 750-mregion during the 2-monthex-
perimentare shown in Figure 6. The rms wind forcing
is abouthalf the rms wave forcing andthuscannotbe ne-
glected.Thewind andwave forcing arevisually correlated
but occasionallyhaveoppositesigns(e.g.,September20-21,
days19-20,andOctober14,day43, in Figure6).

Theintegratedtotal (wind andwave) forcing andbottom
stressarehighly correlated( j B ��E=^ J Z ), andlinear regres-
sion givesa bestfit - / ��E�^ E#E IiP ( O&I ^fe�� I E=��� , the 95%
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Figure 6. Hourly integrated (from the shoreline to
8-m depth) wave ( 	 � �� <i+�3  �6� , solid curve) and wind
( � 0���� � � ��� �0�� <i+ " � � , dashedcurve)forcingversustime. Pos-
itive correspondsto northward forcing. The meansare -
0.0085and-0.0278 V\�K<q� B , andthestandarddeviationsare
0.1296and 0.0616 V � <m� B for wave and wind forcing, re-
spectively.

Figure 7. Hourly total forcing (wind and wave,	 � �� <i+�3 K�6� � �  ���� � � ��� ���� <i+ " � � , solid curve) andbottom
stress( -�/ � K�6�� 1�3�57 3 8�9 � � , dashedcurve) integratedfrom
theshorelineto 8-mdepthwith abestfit -0/{�FE�^ E#E IiP versus
time. Gapsoccurwhenthebottomstressintegral couldnot
be computedbecauseof inactive sensors.The correlation
coefficientsquaredj B �FE�^ J Z .
confidencelimits on -�/ ) (Figure7). Thelinear relationship
suggeststhatthecurrentmeterarrayadequatelyresolvedthe
cross-shorestructureof theflow, thebottomstressis repre-
sentedwell by (2), andthe integrated1-D momentumbal-
anceholds.

Theintegratedwind forcingis notnegligible,but because
the wind andwave forcing termsarecorrelated(Figure6)
it is possiblethat a balancebetweenintegratedwave forc-
ing andbottomstress(i.e., neglectingwind forcing) closes
equallywell. However, the correlationbetweenwave forc-
ing andbottomstress( j B �@E=^ Z _ ) is significantly(atthe95%
confidencelevel) lower thanthecorrelationincludingwind
forcing ( j B �gE=^ J Z ), demonstratingthe importanceof wind
forcing over this region. Thedragcoefficientestimateis re-
ducedfrom - / ��E�^ E#E IKP , whenwind stressis included,to- / �@E=^ EUE I E , whenit is neglected.

To investigatepossiblespatialvariationin -�/ , the instru-
mentedcross-shoretransectwasdividedinto regionswithin
andseaward of the surf zone. Without assumptionsabout
theevolutionof

� �� andintroducingfriction coefficients - / ~
and- / B within andseawardof thesurfzone,respectively, the
momentumbalancesin eachregionare� ��� ���� + � � 	 � ��+����� K�

�,- / ~ � i�� 143657 3 8:9 � � � � ��+����� i� (7)

and � ��� ���� + � ��� ' 	 � � " 	 � ��+����� 0���
� � ��+����� i��F- / B � K�6�K� 143657 3 8�9 � � 	 � ��+ ����  � (8)

where
� � is the locationof the borderbetweenthe two re-

gions. Adding (7) and(8) yields a balanceover the entire
region similar to (6) (but with a variabledrag coefficient)
givenby� ��� ���� + � � ' 	 � ��+ ���� 0���

�@-�/ ~ � K�� 143657 3 8�9 � �� - / B ^ � K�6�K� 143657 3 8�9 � � (9)

Thelocationof
� � is determinedfrom estimatedchangesin

wave energy flux asdescribedin AppendixB. Only cases
with severalsensorsbothwithin andseawardof thesurfzone
are included(Appendix C) in determining,using multiple
linearregression,bestfit valuesfor thedragcoefficients.For
the subsetof datausedto find - / ~ and - / B the correlation
with avarying - / ( j B �FE=^ J e ) is significantlyhigher(at95%
confidencelimits) thanwith a constant- / ( j B ��E=^ Zml ). The
regressionyields - / ~ �|E=^ EUEU_#_ ��O l ^ o�� I E���� " and - / B �E=^ EUE I E ��O e=^ _2� I E=��� " .

The closureof the integrated-to-8-m-depthmomentum
balances(6) and(9) suggeststhatthequadraticform(2) does
representwell themeanalongshorebottomstress.Cox et al.
[1996] recentlydemonstratedin a laboratorysurf zonethat
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the instantaneouscross-shorebottom stressinferred from
logarithmic oscillating boundarylayer theory is relatedto
the instantaneousproduct 3 7 3 7 outsidethe boundarylayer
over mostphasesof a wave cycle. Theutility of the quad-
raticbottomstressparameterizationis thussupportedby ob-
servationsatdifferenttemporalandspatialscales.

The surf zonedragcoefficient - / ~ �[E�^ E#EU_U_ is similar
to the - / valuesinferredby Whitford and Thornton [1996]
and (for low bed roughness)Garcez Faria et al. [1998].
Thelargerinferred -�/ in thesurf zoneis consistentwith the
hypothesisthatbreaking-wave-inducedturbulenceenhances
verticalmixing andthusincreasesthebottomstressfor the
samefreestreamvelocity [Church and Thornton, 1993]and
is consistentwith the magnitudeof - / variationsobserved
by Cox et al. [1996].

Assuming
� �� is conservedseawardof

� � (e.g.,
� �� 3 i� �� �� 3  �6� ) andtheturbulentmomentumflux at

� � is negligi-
ble (e.g.,

� �� 3 i� ��E ), the momentumbalanceswithin (7)
and seaward (8) of the surf zonecan be consideredsepa-
rately. In the surf zonethe balanceis betweenwind and
wave forcingandbottomstress

� ��� ���� + � � 	 � ��+ ����  �6�
�,-�/ ~ �  �� 143�57 3 8�9 � � (10)

whereasseawardof
� � , thebalanceis betweenwind forcing

andbottomstress� ��� ���� + � � � ' 	 � � " �F-�/ B �  ���i� 1�3�57 3 8:9 � � ^ (11)

For thesurfzonemomentumbalance(10) j B �,E=^ Z o , and
thebestfit dragcoefficient is - / ~ �}E=^ EUEU_ P ( O�T ^ I � I E���� )
(Figure8). On average,the wind forcing is small, roughly
10%of thewave forcing in thesurf zone(althoughin some
cases,thewind stressis important).Thesimilarity between
the surf zonedrag coefficients inferred from (10) and (9)
suggeststhattheturbulentmomentumflux across

� � , � �� 3  �
(neglectedin (10)) is eitheruncorrelatedwith (which seems
unlikely) or is smallrelative to thesurf zonebottomstress.

The momentumbalance(11) betweenwind forcing and
bottom stressseaward of the surf zone( j B � E=^ _ l , Fig-
ure 9) doesnot close as well as the surf zone momen-
tum balance(10). If the errorscausingthe low correlation
result solely from (Gaussian,zero mean)estimationerror
of the wind forcing or bottom stress,the drag coefficient
would be similar to the one estimatedby (9). However,
the drag coefficients are different. The reducedestimate
of - / �¡E�^ E#EUE P#P ( O e=^ E¢� I E���� " from the seaward of the
surf zonebalance(11) versus- / �£E�^ E#E I E �¤O e�^ _�� I E���� "
from (9) suggeststhatthebalance(11) doesnot accountfor

Figure 8. Hourly total forcing (wind and wave,	 � �� <m+�3 0��� � � K�� � � ��� ���� <m+ " � � , solid curve) and bottom
stress( - / ~ �  �� 1�3657 3 8¥9 � � with - / ~ �¦E�^ E#EU_ P , dashed
curve) integratedover the surf zoneversustime. The cor-
relationcoefficientsquaredj B �FE=^ Z o .

Figure 9. Hourly wind forcing ( � K�6�K� � � ��� �0�� <m+ " � � , solid

curve) andbottomstress( -0/ B � 0���i� 1¥3657 3 8§9 � � with -�/ B �E=^ EUEUE PUP , dashedcurve) integratedseawardof thesurf zone
versustime. Thecorrelationcoefficientsquaredj B �@E=^ _ l .
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sourcesof momentumimportantto the region seaward of
thesurf zone,which areimplicitly includedin (9). For ex-
ample,

� �� maynot beconservedseawardof theestimated� � . Alternatively, the turbulentmomentumflux
� �� across� � may be significantrelative to the bottomstressseaward

of thesurf zone,andthusthesurf zonemaybea substantial
sourceof momentumto theregionseawardof thesurf zone.
The presentobservationscannotbe usedto separatethese
two possiblesourcesof momentum.

4. Discussion

Othertermsappearingin (4), but not in steady1-D mod-
els(1), canbeestimatedin their integratedform with these
data.Theintegrationregionextendsto8-mwaterdepth,usu-
ally well seawardof thesurfzone,andthuslarger-scaleinner
shelf dynamicsmaybe importantover the instrumenttran-
sect.For example,in 30-mwaterdepthon theinnershelfof
northernCalifornia,thealongshorebarotropicpressuregra-
dient (e.g., 	 z t 
 s < 
 � ) is an n2�¨IK" term in the alongshore
momentumbalance[Lentz, 1994],andvarieson alongshore
lengthscalesof n (10-100km). Thesegradientswereesti-
matedhereusingobservationsin 6-m waterdepth[Alessi et
al., 1996]asdescribedin AppendixA. Assumings 1;1 t
andthat


 s < 
 � doesnot vary acrossthe integrationregion,
thecross-shoreintegralfrom shoreto 8-mwaterdepthof the
pressuregradientis estimatedas	 z 
 s
 � � K�6�� t � �
This barotropicpressuregradientis not dynamicallyimpor-
tantover the750-m-longtransect.It is usuallya factorof 3
smallerthanthe wind forcing andis uncorrelatedwith any
otherdynamicalterms.Alongshorebaroclinicpressuregra-
dients(not includedin (4)) causedby Chesapeake Bay out-
flow canbesignificantontheinnershelf[Rennie, 1998]and
might be importantat timesin the presentmomentumbal-
ancesbut cannotbequantifiedwith thisdataset.

The integral of the accelerationterm in (4) was also
estimated. Using the continuity equationand assumings 1;1 t andweakverticalvariationof thealongshorecur-
rent[Garcez Faria et al., 1998],theterm � s ��t " 
 8=< 
�w can
betransformedto


ª© t 8#«(< 
�w . Theacceleration,estimatedby
finite differencingthehourly transport� K���� t 8 � �
is uncorrelated( j B � 	 E�^ E#E I0J ) with andhasonefifth the
rmsvalueof the total forcing. The lack of correlationwith
forcing suggeststhat the accelerationestimateis contami-
natedby noise,but the low rms valuesimply that the ac-
celerationtermis usuallysmall. Whenthe forcing changes

rapidly (i.e., on September21 in Figure7) thehourly aver-
agedflow respondswithin aboutan hour (e.g., the current
lagsthe forcing by no morethan1 temporalsample).This
rapid responseto large changesin forcing further suggests
thatthealongshorecurrentis nearlyalwaysin frictional bal-
anceandthatflow accelerationsarenegligible.

Thestatisticalanalysisin section3 demonstratesthatthe
1-D integratedmomentumbalancefrom theshorelineto 8-
m waterdepth(6) closes,indicatingthatover theentirein-
strumentedtransectthecombinedwind andwave forcing is
balancedby thebottomstress.Theclosuredoesnot neces-
sarily imply that the 1-D momentumbalance(1) holds lo-
cally, because2-D termsin (4) (e.g.,nonlinearandalong-
shorepressuregradient)couldbe locally strongbut change
signwith cross-shorelocationsuchthattheir cross-shorein-
tegralscancel. However, consistentcancellationseemsun-
likely to occurover thewide rangeof bathymetricandforc-
ing conditionsencounteredduringthe2- monthexperiment.
Thereforethe closureof the integratedmomentumbalance
suggeststhat2-D termsaretypically small.
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Figure 10. (a) Significantwave height,(b) alongshorecur-
rent 8 , and(c) depthversusdistancefrom theshorelineob-
servedat0500easternstandardtimeOctober16.

Therearecaseswhenthe flow appearsto be dominated
by 2-D effectssuchasalongshorepressuregradients.For
example,on October16 (Figure10) the waveswereener-
getic( $ ) � N �g_ m in 8-m waterdepth)but nearlynormally
incident (meanwave angleof e#L ), so 	 � �� in 8-m water
depthwassmall ( 	 E=^ E#eU_§V � <m� B ). Wave breakingextended
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to 8-m waterdepthandwasmostintenseabout150-200m
from shore(Figure10a),well offshoreof thestrongestcur-
rents( 8 '*QSR � 	 E=^ T o m/sneartheshoreline,Figure10b). In
contrastto the observations,1-D modelspredictweakcur-
rentseverywhere( 3 8�3 X E=^ E P V�<q� ) for thesmallwaveangles
observed. Time-elapsedvideo images(R.A. Holman,per-
sonalcommunication,1996)suggestthepresenceof strong
alongshoredepthvariations,andthepoststorm(October18)
bathymetrywas two-dimensionalwith a large gap in the
sandbar(e.g.,Figure1). The observed alongshorecurrent
mayhavebeenfeedingarip currentvisuallyobservedduring
the storm(E.B. Thornton,personalcommunication,1997).
In addition,numericalmodelresultswith bathymetrysimilar
to thatmeasuredonOctober18demonstratethat2-D effects
canbeimportantto thelocalalongshoremomentumbalance
[Sancho et al., 1995].

5. Summary

The1-D alongshoremomentumbalance,with aquadratic
parameterizationof the bottom stress,integratedfrom the
shorelineto 8-mwaterdepthcloses( j B �FE�^ J Z ) overa wide
rangeof conditions. The closuresuggeststhat the quad-
ratic form (2) representswell the alongshorebottomstress
andthaton averagethedynamicsof thealongshorecurrent
aredescribedby the1-D momentumbalance(1). Including
the wind forcing statisticallyimprovesthe integrated-to-8-
m-depthmomentumbalance,demonstratingtheimportance
of wind to nearshorecirculation.

A spatiallyvariabledrag coefficient - / statisticallyim-
provestheintegrated-to-8-m-depthmomentumbalance.The
surf zonedragcoefficientsinferredherearesimilar to those
obtainedby Whitford and Thornton [1996] and (for low
bed roughness)Garcez Faria et al. [1998]. The cross-
shorevariationof - / (0.0033and0.0010within andseaward
of the surf zone,respectively) may be associatedwith in-
creasedturbulencefrom breakingwavesinsidethesurfzone
[Church and Thornton, 1993] or cross-shorevariationsin
time-averagedbed roughness[Garcez Faria et al., 1998].
The cross-shorevariationof -�/ alsois consistentwith lab-
oratorystudies[Cox et al., 1996].

In thesurf zone,wind andwave forcing arebalancedby
thebottomstress.Thewind forcing is statisticallyunimpor-
tantwithin thesurfzonerelativeto thewaveforcingbut is ann2�¨Ii" termseawardof thesurfzone.Theseawardof thesurf
zonemomentumbalancebetweenwind forcing andbottom
stressdoesnotcloseaswell ( j B �,E�^ _ l ) asthesurfzonemo-
mentumbalance( j B ��E�^ Z o ). Momentumbalanceson the
innershelfatDuckwill beconsideredin detailelsewhere.

Appendix A: Barotropic Pressure Gradient
Estimates

Thehourly averagedbottompressuredataacquiredwith
a five-element,60-km-longarray in 6-m water depthcen-
teredat theFRF pier [Alessi et al., 1996]wasconvertedto
seasurfaceelevation and demeanedwith the 2-monthav-
erageof eachinstrument. For eachhour, the meanof the
five sensors(a spatialmean)wasremoved,suppressingthe
largetidal signalwith zerophaselag. An empiricalorthogo-
nalfunctiondecompositionwasusedto extractthedominant
nonzerogradientmodeof seasurfaceelevationfrom there-
mainingsignal. The first eigenfunctioncontains89% per-
centof thevarianceandrepresentsa lineartilt in seasurface
elevation.Thegradientof thisfirst eigenfunctionmultiplied
by its temporalamplitudeyieldsestimatesof hourly along-
shoreseasurfacegradients


 s < 
 � .
Appendix B: Surf Zone Width ( ²´³ ) Estimates

At eachpressuresensoralongthecross-shoretransectthe
linear energy flux integratedfrom 0.04 to 0.3 Hz wascal-
culatedfor eachhour assumingshore-normalwave propa-
gation. According to linear theory, on parallel depthcon-
tours the energy flux is conserved seaward of

� � , where
wave breakingbegins. However, measurementerrors,inad-
equaciesof linear theory, reflectedwave energy, directional
spreading,andirregularbathymetrycauseconsiderablescat-
ter in the energy flux estimates.Thereforea heuristical-
gorithm basedon a combinationof the decreasein energy
flux relative to 8-mwaterdepth,thelocal energy flux gradi-
ent,andtime-elapsedvideoimages(R.A. Holman,personal
communication,1996)wasusedto approximatelydefinethe
locationof theseawardedgeof thesurfzone

� � . Resultsthat
dependon

� � areinsensitive to moving all estimatesof
� �

onesensorcloserto shorebut, in somecases,vary substan-
tially when the

� � estimatesaremoved onesensorfarther
seaward.

Appendix C: Cross-Shore Integration Method

Hourly cross-shoreintegralssuchas�  �m� t 8 � � �  �m� 143657 3 8:9 � �
where

� ~
and

� B representcross-shoreinstrumentlocations,
wereestimatedusingthetrapezoidrule betweenactive sen-
sors.Whenaninstrumentat theendpoint(i.e., at

� � � ~ or� � � B ) wasinactive, the integral wasnot computed,with
oneexception. If the startingpoint for the integrationwas
theshorelineandtheshallowestinstrumentwasinactive, its
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valuewassetequalto thatof thenext offshoresensor. The
transect-wideintegral to 8-m waterdepthwasestimatedfor
1176of the1440hour-long recordscollectedduring the2-
monthexperiment. Integralsover the surf zoneor the sea-
wardof thesurf zoneregion wereestimatedonly whenthe
outeredgeof thesurf zone

� � was 1,eq_#E m from theshore-
line, to ensuresufficientcoveragefor theseawardof thesurf
zoneintegral. The above criteria weresatisfiedwithin the
surf zonefor 858 hoursandoutsidethe surf zonefor 686
hours.A differentcurrentmeter(displaced40 m in thehor-
izontal) wasusedfor the integrationsto

��� ' after October
13,whenthe8-m waterdepthsensorfailed. Theresultsare
insensitive to whichcurrentmeterwasusedwhenbothwere
active. The degreesof freedomfor computingconfidence
intervalswerecalculatedby dividing thenumberof hoursin
the balanceby the integral timescale(the time periodover
which observationsare independent[Davis, 1976]). This
timescalerangedfrom 12to 15hours,dependingon thebal-
ance.
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